cult to correctly diagnose the underlying cause of MCI. Therefore, research efforts have focused on methods to identify incipient AD in MCI subjects. In this review, we present the rationale for the development of cerebrospinal fluid (CSF) biomarkers of AD and we discuss the potential of CSF biomarkers for the diagnosis of MCI.
Criteria and evaluation of biomarkers
Criteria for a useful biomarker have been proposed by an international consensus group on molecular and biochemical markers of AD. 7 According to these guidelines, a biomarker for AD should detect a manifestation of the fundamental neuropathology and be validated in neuropathologically confirmed cases. Its sensitivity for detecting AD should exceed 85% and its specificity in differentiating between AD and other dementias should be at least 75%. Ideally, a biomarker test should also be reliable, reproducible, noninvasive, simple to perform, and inexpensive. One aspect of the test of particular interest to patients and clinicians is its ability to detect the disease at the earliest possible stage. To date, this has been the weakness of neuropsychological techniques in patients in the earliest clinical and even in the presymptomatic phase of AD. Theoretically, an ideal diagnostic biomarker of AD might be expected to show limited correlation with cognitive performance, as the test should be abnormal in patients who have few or no signs of cognitive deterioration. Conversely, an ideal prognostic biomarker might be expected to show a significant correlation with cognitive performance (or future cognitive performance), as the test should be excessively abnormal in patients who have a rapidly deteriorating course. Thus, it is possible that different types of biomarkers will be useful in different clinical situations. A number of steps are required before a biomarker becomes an asset to clinicians who treat patients with AD. First, the technical feasibility of the new marker has to be established, including the availability of a validated assay with high precision and reliability of measurement and well-described reagents and standards. A large range of potential markers have successfully passed this first step. Second, the possible marker has to be evaluated in a relatively pure sample of diseased and comparison groups. This is akin to the phase 2 trial in therapeutics, but the goal here is to make an initial assessment of its maximum sensitivity and specificity. Few potential markers have passed this step so far. Next, the new marker has to be studied in a more representative population-based sample, providing an assessment of its true diagnostic properties and hence demonstrating its clinical usefulness. This step also serves as a basis for cost-effectiveness analyses, which are important because every new marker has to be evaluated in the context of the already available set of diagnostic and therapeutic options and the socioeconomic resources of the health system. At present, there are several multicenter initiatives with the scope to evaluate new biomarkers in a population-based design; one important example is the Working Group on Biological Measures as part of the National Institute on Aging (NIA) Alzheimer's Neuroimaging Initiative. 8 
Diagnostic biomarkers for AD and MCI
The availability of effective symptomatic treatment of AD with cholinesterase inhibitors has highlighted the importance of early and accurate diagnosis of AD among clinicians. The awareness in the population of the possibilities for drug treatment has also made patients seek medical advice very early in the course of the disease. In the MCI phase, the characteristic clinical picture of AD has not yet developed, and there is no clinical method to determine which MCI subjects will progress to AD except with follow-up visits. Thus, there is a great need for diagnostic instruments to identify incipient AD in MCI cases. This need will grow as new disease-modifying drugs become available, such as β-and γ-secretase inhibitors or β-amyloid (Aβ) vaccination. Such compounds will probably be most effective in the earlier stages of the disease before neurodegeneration is too severe and widespread.
B a s i c r e s e a r c h
The neurochemistry of AD
Aβ and senile plaques
A major breakthrough in AD research was the identification of Aβ as the main protein constituent of plaques. Aβ is generated by proteolytic cleavage of its precursor, the amyloid precursor protein (APP). 10 APP is a single membrane-spanning protein with a large ectodomain and a smaller cytoplasmic tail, 11 a schematic drawing of APP is given in Figure 1 . In the first step, Aβ is produced by cleavage of APP after position 671 by a protease referred to as β-secretase (Figure 1 ), which has been identified as β-site APP-cleaving enzyme (BACE). 12 This cleavage results in the release of a large N-terminal derivative called β-secretase-cleaved soluble APP (βsAPP) (Figure 1 ). In the second step, the 99-amino acid C-terminal fragment (CTF) of APP (C99) is cleaved by the γ-secretase-complex-releasing free Aβ (Figure 1) . Recent studies have shown that the presenilins constitute the catalytic subunit of the γ-secretase. 13 The membrane proteins nicastrin,APH1a,APH1b, and PEN2 regulate the γ-secretase cleavage, [14] [15] [16] and together with presenilin form a functional complex, the γ-secretase complex, responsible for cleavage of the APP CTF. Another breakthrough was the discovery that there are several C-terminal forms of Aβ, and that the longer form ending at Ala-42 (Aβ42) was found to aggregate more rapidly than the shorter Aβ40 form, and to be the initial and predominant Aβ form deposited in plaques. [17] [18] [19] [20] 
Tau and neurofibrillary tangles
Tau protein is a microtubule-associated protein located in the neuronal axons. Due to alternative splicing of tau mRNA, there are 6 isoforms ranging in size from 352 to 441 amino acids, with molecular weights ranging from 50 to 65 kDa (Figure 2) . [21] [22] [23] [24] Tau binds to tubulin in the axonal microtubules, thereby promoting microtubule assembly and stability. 21 Tau protein has more than 30 phosphorylation sites, either threonine or serine (Figure 2b) . In AD, an abnormally hyperphosphorylated form of tau is the principal component of the paired helical filaments (PHFs), which make up the neurofibrillary tangles, neuropil threads, and senile plaque neuritis. 25 Due to the hyperphosphorylation, tau loses its ability to bind to the microtubules and to stimulate their assembly, and also gets a tendency to aggregate.
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Aβ and tau in CSF as biomarkers for AD
The biochemical changes in the brain are reflected in CSF, and so CSF is an obvious source in the search for biomarkers for AD. There are two methods to search for CSF biomarkers: the candidate biomarker approach and the proteomic approach.
• The candidate biomarker approach is based on the neurochemistry of the central pathogenic processes in AD.
Candidate biomarkers relate to proteins reflecting the neuronal degeneration, the metabolism and aggregation of Aβ, as well as the hyperphosphorylation of tau protein.
• The proteomic approach is based on the identification of biomarkers that can differentiate AD from controls and other brain disorders, regardless of whether they are directly linked to the primary steps in AD pathogenesis. Proteomic methods include two-dimensional electrophoresis, protein chips, or liquid chromatography combined with mass spectrometry. 27 Using the candidate biomarker approach, the three CSF biomarkers, total tau protein (T-tau), Aβ42, and various phosphorylated tau protein (P-tau) epitopes have been examined in numerous studies, and have been found to have high diagnostic potential.
Aβ42 isoform
The first studies on CSF total Aβ used ELISA (enzymelinked immunosorbent assay) methods that did not discriminate between different Aβ isoforms. Although some studies found a slight decrease in total CSF Aβ in AD, [28] [29] [30] other studies found no change.
31-33
These negative results provided the conceptual basis for the development of ELISA methods specific for Aβ42. 31,34 A large number of studies have evaluated the diagnostic potential for the most commonly used method for Aβ42, 34, 35 finding a sensitivity >85% and a specificity of 90% for discriminating between AD and normal aging. 36 The CSF level of Aβ42 is decreased in AD to about 40% to 50% of control levels. 36 The reason for this decrease is not clear. One explanation is that Aβ42 is deposited in plaques, with lower amounts of Aβ being free to diffuse into CSF. 32 This explanation is supported by the finding of a strong correlation between low Aβ42 in ventricular CSF and higher numbers of plaques in the neocortex and hippocampus. 37 Subsequent studies also found, however, a marked reduction in CSF Aβ42 in disorders without βA plaques, such as Creutzfeldt-Jakob disease (CJD), 38 amyotrophic lateral sclerosis, 39 and multiple system atrophy. 40 These findings question the notion of a direct reflection of senile plaque formation by Aβ1-42.
CSF Aβ1-42 in the differential diagnosis of AD and other neurodegenerative disorders
The potential of CSF Aβ1-42 to distinguish AD from other dementias and neurological disorders has been documented in a number of independent studies. Compared with nonAD dementias, a slight decrease has been found in AD. 41 Normal levels 32 or decreased levels 42 were found in Parkinson's disease (PD). In Lewy body dementia (LBD), a disorder also characterized by the presence of senile plaques, low levels have also been detected, similar to AD. [43] [44] [45] [46] In addition, low CSF Aβ1-42 is found in a relatively large percentage of patients with frontotemporal dementia (FTD) and vascular dementia (VD). 47, 48 In summary, CSF Aβ1-42 does not seem to significantly support the differential diagnosis of AD.
Predictive value of CSF Aβ1-42 in MCI for AD
It has been hypothesized that a decrease in CSF Aβ1-42 might indicate an early stage of AD and be detectable before clinical symptoms of dementia become overt. One study found a significant decrease in CSF Aβ1-42 in MCI subjects compared with controls. 43 In another study in MCI patients who eventually developed AD, however, Aβ1-42 levels did not differ significantly from age-matched normal controls. 49 We found Aβ1-42 to be an indicator of early identification of AD in MCI subjects taking potential confounding factors into account, such as age, severity of cognitive decline, time of observation, apolipoprotein E ε4 (APOE ε4) carrier status, and gender. 50 
Other Aβ isoforms
In contrast to the reduction in CSF Aβ42, there is no change in CSF Aβ40 in AD, resulting in a marked decrease in the ratio of CSF Aβ42/Aβ40. [51] [52] [53] [54] [55] The reduction in the CSF Aβ42/Aβ40 ratio may be more pronounced than the reduction in CSF Aβ42. [52] [53] [54] Further studies will show whether the CSF Aβ42/Aβ40 ratio has a larger diagnostic potential than CSF Aβ42 alone. Studies using mass spectrometry, 56 urea-based SDS-PAGE (sodium dodecylsulfate polyacrylamide gel electrophoresis), Western immunoblot, 57 and surfaceenhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-TOF) 58 have found that there is a heterogeneous set of Aβ peptides in CSF. Preliminary data show that increased CSF levels of both Aβ1-40 and Aβ1-38 together with a decrease in Aβ1-42 are found in AD. 57 Further studies are needed to examine the diagnostic potential of these Aβ species.
Total tau protein
After the first report on T-tau in CSF using an ELISA method with a polyclonal reporter antibody, 59 an ELISA method based on monoclonal antibodies detecting all isoforms of tau independent of phosphorylation state of tau was developed. 60, 61 A large number of studies have evaluated the diagnostic potential for the most commonly used method for T-tau, 60 finding a sensitivity above 80% and a specificity of 90% discriminate between AD and normal aging.
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T-tau in the differentiation between AD and normal aging
T-tau has been intensely studied in more than 2000 AD patients and 1000 age-matched elderly controls over the last 5 to 10 years. 23, 32, 41, 43, 44, 47, 52, 53, The most consistent finding is a statistically significant increase in CSF T-tau in AD. The mean level of CSF T-tau concentration in AD compared with elderly controls approaches 300%. Across the reviewed studies, sensitivity and specificity levels varied with the differently employed control groups, statistical methods, and reference values. Specificity levels were determined between 65% and 86% and sensitivity between 40% and 86%. 83 In several studies, a significant elevation was even found in patients with early dementia. 63, 70, 81 Therefore, in mild dementia, the potential of CSF T-tau to discriminate between AD and normal aging is high, with a mean sensitivity of 75% and specificity of 85%. An age-associated increase in T-tau has been shown in nondemented subjects. 73, 84 Therefore, the effect of age should be considered when T-tau levels are diagnostically employed. Age-dependent reference values for normal T-tau have already been established: ages between 21 and 50 years at <300 pg/mL; ages between 51 to 70 years at <450 pg/mL; and ages between 70 and 93 years at <500 pg/mL. 85 
T-tau in the differentiation between AD and MD
Geriatric major depression (MD) is an important psychiatric differential diagnosis of AD, as psychopathological symptoms considerably overlap and often only a follow-up assessment allows clear clinical differentiation between both underlying entities. Subgrouping a sample of AD patients, healthy controls (HCs), and patients with MD according to age resulted in a correct classification rate of 94.5% in the "young old" subjects (<70 years of age) compared with only 68.4% in the "old old" (70 years of age). This report supports the notion that elevated CSF T-tau is highly indicative of a neurodegenerative process particularly in subjects younger than 70 years of age.
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T-tau in the differential diagnosis of AD and other neurodegenerative disorders
The potential of CSF T-tau, however, is limited in its ability to discriminate AD from other relevant dementia disorders. At a sensitivity level of 81%, CSF T-tau reached a specificity level of only 57% for distinguishing AD from other dementias. 45, 47 Due to these inconsistent findings caused by incomplete or lacking control and comparison groups, and low specificity levels of T-tau in the differentiation of AD from other primary dementias, the value of T-tau in the differential diagnosis was long inconclusive. Therefore, T-tau has not been suggested as a marker for the differential diagnosis of AD. T-tau rather reflects unspecific processes of axonal damage and neuronal degeneration. This notion is further supported by the increase in CSF T-tau in disorders with extensive and/or rapid neuronal degeneration, such as CJD. 86, 87 A highly significant increase of 580% was documented in CJD compared to AD patients. At a cutoff level of 2130 pg/mL, T-tau yielded a sensitivity of 93% and a specificity of 100% between AD and CJD. 88 An elevation of CSF T-tau, correlating with clinical severity, has been shown in normal pressure hydrocephalus. 89 Moreover, a marked transient increase in CSF T-tau has been demonstrated after acute stroke. The transient increase in CSF T-tau correlated with the infarct size measured by cranial CT. 90 Elevated levels of CSF T-tau have been found in patients with diffuse axonal damage after traumatic brain injury, which decrease with clinical improvement. 91 In contrast, in neurological disorders that are mainly linked to more restricted cerebral locations and number of cells, such as alcoholic dementia, PD, progressive supranuclear palsy, and corticobasal degeneration, elevated CSF T-tau concentrations have been only occasionally reported 48, 60, 68, 76, 92, 93 or were normal. 77 
Predictive value of CSF T-tau in MCI for AD
In patients suffering from MCI who converted to AD during follow-up, elevated T-tau levels were found in relatively few samples at baseline. 43, 66 Memory-impaired subjects who later progressed to manifest AD could be discriminated by high CSF T-tau from those who did not progress with 90% sensitivity and 100% specificity. 66 Longitudinally, elevated CSF levels of T-tau were found in MCI subjects and remained elevated after conversion B a s i c r e s e a r c h to clinical AD. 49 Another study showed that 88% of patients with MCI had elevated T-tau concentrations and/or low CSF Aβ1-42 levels at baseline. 94 Thus, elevated CSF T-tau in MCI may have the potential to predict AD.
Phosphorylated tau protein
In order to improve specificity of measurement of tau protein as a biomarker of AD, assays have been developed to specifically detect phosphorylated tau protein (P-tau) in CSF. These assays use monoclonal antibodies specific for phosphorylated epitopes of tau: tau protein phosphorylated at serine 199 (P-tau 199 ), threonine 231 and serine 235 (P-tau 231-235 ), 23 threonine 231 (P-tau 231 ), 24 threonine 181 (P-tau 181 ), 22, 95 and serine 396 and serine 404 (P-tau 396/404 ). 96 A marked increase in the CSF level of P-tau is found in AD. 83 This increase probably reflects the phosphorylation state of tau, and thus possibly also the formation of tangles in AD. Indirect evidence for this comes from studies showing no change in CSF P-tau after acute stroke in contrast to T-tau, 90 and normal CSF P-tau levels in CJD, despite a very marked increase in T-tau. 97 These studies suggest that CSF P-tau is not simply a marker for neuronal damage. A clear increase in CSF P-tau in AD has been found using all these ELISA methods, with a sensitivity of 80% and a specificity above 90% to discriminate between AD and normal aging. 36 Interestingly, a normal CSF level of P-tau is not only found in psychiatric disorders such as depression 98 and chronic neurological disorders such as PD, but also in other dementia disorders, such as VD, FTD, and LBD. 36 Thus, the specificity of CSF P-tau for differentiating AD from other dementias seems to be higher than for T-tau and Aβ42.
P-tau in the differential diagnosis of AD
CSF tau protein phosphorylated at threonine 231 (P-tau 231 )
Immunohistochemical studies indicate that phosphorylation of tau protein at threonine 231 (P-tau 231 ) appears early in pathogenesis, even before PHF formation. 99 The first study of P-tau 231 in CSF showed a discrimination between AD patients and nondemented controls with other neurological disorders with 85% sensitivity and 97% specificity (overall accuracy of 91%). 24 In an independent sample of 192 subjects, CSF levels of P-tau 231 discriminated with a sensitivity of 90.2% and a specificity of 80% between AD and all other nonAD subjects. In particular, at a specificity level of 92.3% for P-tau 231 and T-tau, sensitivity levels between AD and FTD were raised using P-tau 231 , in comparison to T-tau, from 57.7% to 90.2%. 100 In summary, P-tau 231 may be a valuable biomarker, especially in the differential diagnosis between AD and FTD.
CSF tau protein phosphorylated at threonine 181 (P-tau 181 )
The discriminative power of CSF P-tau 181 has been investigated in a number of studies with various types of dementia. Results showed a significant increase in CSF P-tau 181 concentrations in AD compared with FTD and controls. 22 Focusing on the differentiation between AD and LBD, specificity at a given sensitivity level was improved by using P-tau 181 compared with T-tau. 45, 95 Comparing receiver operator characteristic (ROC) curves led to a correct classification for cases with AD and LBD of more than 80%. In a study with 101 subjects comparing P-tau 181 and T-tau in various diagnostic subgroups, P-tau 181 was increased in patients with probable and possible AD compared with VD and dementia in PD. 84 Compared with FTD, PD, VD, and normal aging, both P-tau 181 and T-tau proteins were increased in probable AD. In possible AD, P-tau 181 was increased compared with FTD and VD. Recently, data on a group of 51 AD patients (25 probable, 18 possible, and 8 incipient AD cases) compared with 16 probable VD cases and 10 HCs became available. 101 All AD cases were drug-naive. AD and VD, as well as HCs, were distinguished using P-tau 181 , whereas VD compared to HCs showed no statistically significant differences in concentration. Among the whole group of AD patients and controls, P-tau 181 demonstrated 71% sensitivity and 94% specificity compared with T-tau with 63% sensitivity and 100% specificity. Taken together, diagnostic accuracy was better for P-tau 181 (78%) than for T-tau (71%). In summary, P-tau 181 may be a valuable biomarker, especially in the differential diagnosis between AD, LBD, and VD.
CSF tau protein phosphorylated at serine 199 (P-tau 199 )
In one study applying P-tau 199 , this biomarker was shown to be superior to T-tau protein in separating AD from a patient group of nonAD subjects. 23 In a large multicen- ter sample of 570 subjects, 102 P-tau 199 protein levels were elevated in the AD group, independently of age, gender, cognitive status, and APOE ε4 carrier status. In the AD group versus the combined groups of demented and nondemented subjects in this study, ROC analysis showed a 85% sensitivity and 85% specificity for P-tau 199 . 102 
CSF tau protein phosphorylated at serine 396 and serine 404 (P-tau 396/404 )
An ultrasensitive bienzyme-substrate-recycle ELISA for Ser 396 and Ser 404 has been developed, which is significantly more sensitive than conventional ELISA in determining the hyperphosphorylated tau protein and T-tau. 96 In CSF of 52 AD patients, 56 normal controls, 46 VD patients, and 37 nonAD neurological patients, significantly elevated levels of P-tau 396/404 were only found in AD. Using the ratio of hyperphosphorylated tau protein to T-tau of ≥0.33 as a cutoff for AD diagnosis, the clinical diagnosis could be confirmed in 96% of the clinically diagnosed patients. The results of this study suggest that P-tau 396/404 is a promising marker, especially in the differential diagnosis between AD and VD.
Measurement of P-tau epitopes in the differential diagnosis of AD: a comparative CSF study
A recent study directly compared the diagnostic performance of P-tau 231 , P-tau 181 , and P-tau 199 in the same patient cohort, including a large series of patients with AD, LBD, FTD, VD, and other neurological disorders. The P-tau 231 and P-tau 181 assays performed nearly equally well in the discrimination of AD from nondemented controls, whereas the P-tau 199 assay showed a weaker discrimination. 103 Interestingly, the separation between AD and FTD was maximized using P-tau 231 . The separation between AD and DLB was maximized using P-tau 181 . 103 Thus, differences in the phosphorylation of specific tau epitopes between dementia disorders may be reflected in the CSF level of the corresponding P-tau variant.
Predictive value of CSF P-tau in MCI for AD
In a longitudinal study, 77 MCI patients showed elevated levels for P-tau 231 in comparison to HCs at baseline. 104 High CSF P-tau 231 , but not T-tau levels at baseline, significantly correlated with subsequent cognitive decline. This study suggests that high P-tau 231 may be a predictor for progressive cognitive decline in subjects with MCI. 104 One study focused on P-tau 231-235 in MCI subjects who converted to AD compared to individuals with subjective memory complaints without cognitive impairment. Results showed significantly higher T-tau and P-tau 231-235 levels in the MCI group. P-tau 231-235 yielded a specificity level of 100% and a sensitivity level of 65% for differentiating MCI subjects who eventually developed AD. 105 In a recent study on 44 MCI subjects who later progressed to AD, P-tau 181 was found to differentiate MCI from controls with 70% sensitivity and 90% specificity. 106 Although further longitudinal studies are needed, these data suggest that CSF markers are positive very early in the disease process in AD, and may be of clinical value to differentiate MCI subjects with incipient AD.
Conclusion
In conclusion, the immunoassays detecting P-tau protein, T-tau protein, and Aβ proteins promise improvements in the early and accurate diagnosis of incipient AD. Beyond early diagnosis, it is hoped that markers of prognosis will enable clinicians to monitor whether new candidate treatments of AD are working effectively and inexpensively. With this in mind, the NIA commissioned a working group on biomarkers as part of its Alzheimer's Neuroimaging Initiative. 8 The Working Group on Biological Measures suggested tau proteins as well as Aβ proteins as feasible core markers suitable for a multicenter, longitudinal study of AD, with special consideration given to MCI. In addition, the NIA also established other working groups, one each for magnetic resonance imaging (MRI, volumetric), positron emission tomography and single photon emission computed tomography (PET and SPECT), and subjects and protocol design. The accuracy of any diagnostic test in AD is likely to be increased by the cumulative information from clinical and neuropsychological examination, and brain imaging. 107, 108 Further work is required here, particularly in relation to CSF P-tau. The proceedings of such working groups in Europe and the USA will greatly assist individual clinicians and health service providers in deciding which specific diagnostic tests should be standard practice in the assessment of incipient AD in MCI subjects. ❏ B a s i c r e s e a r c h 
